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1 Introduction

The purpose of this decument 18 to deseribe a global context of helloapherle simulations relevant to the ENLIL
medeling system. There ave additlonal doecumenis describing the organlzation and structuee of data, numerical
oode, amd preparation of lnput data.

2  Solar Wind

The outermost reghon of the solar atmosphese, corona, 18 50 hot that the plasma particles can escape gravitational
attraction and form a steadily streaming outfow of material called the solar wind. Because of its high temperatuee,
the solar wind s fully lonlzed plasma conslsting primarily of electrons and protons with & miloor fraction of hellam
lons and some other heavier nuclel at several lonlzation levels. Furthermoee, because of the heating and subsequent
expansion, the solar wind becomes supeesonic above a lew solar radil | Hundhausen, 1972).

2.1 Solar Wind Parameters

Amblont solar wind can roughly be divided into a slow wind and a [agt wind, The slow wind comes [rom stireamer
helts, areas of closed magnetic Geld lines in the Sun. The high speed solar wind s flowing from eoronal holes, large
areas of opon magnetic feld lines, Tahle 2 lsts the haske solar wind parameters gbserved at 1 AU | Sefoeent, 1990,

The solar rotation causes plasma with different low specds eventually o colllde and Interact with each other,
The nveraction of slow and [ast solar wind at the leading edges of high-speed streams causes compression to high
plagma densitles and deflections of the How on both sldes of stream Interface Pizze aond Gesling [1998). This
creates the so-called “cprotating Interactlon reglons™ [CTR) In the Interplanetary space | Gosling, 190940, Forward
and peverse shock palr & formed wsually boyond the 1 AU Furiher out separate CIRs may coalesee and produce
one larger shock phenomenon called merged Interaction reglon (MIR) | {fazds, 1001).

The expanding solar wind drags also the solar magnetle feld outward, forming what = ealled the Interplanetary
magnetic Held (IMF]. The selar wind ks highly conductive and magnetic fleld lnes are fosen-in to the solar wind
flow. Althgugh the solar wind moves gut almost radially from the Sun, the rotation of the Sun glves the magnetic
fiedd & spleal foren. At the Earth orbit the angle between the feld lines and the radial = about 45 { Mardand and
Neubawer, 1900,

Transient disturbances invalve coronal mass ejections (CMEs] and Interplanctary shocks. Coronal mass ejectbons
(CMEs) represent a huge release of mass Into Interplanctary spacm and they have been ldentifled as the prinary
cause of large, non-recurrent geomagnetle storms | Gosling, 1990; Hundheuwsen, 1993}, The propagation speed of
interplanetary CMEs can be elther extremely low <30 km's or extremely high =100 km's; they may nvolve a
magnetic Hux rope structure and they may drlve and Interplanetary shock.

2.2 Numerical Simulations

We are Interested In modeling solar wind phenomena that result In conditbons determining geomagnetls storms.
Thus, #¢ nesd to simulate parameters of the magnethe feld, flow velocity, mass density, and temperature, [or
hoth ambient solar wind and transient disturbanees, Flgure 1 Qlusirates the lange varlatlons in plasma parameters
hetween the Sun and Earth. Different reglons involve different physical phenomena and processes that lead to the
development of different models.

O a large seale, It s convenlent to distinguish between the “coronal™ and “hellospherke” reglons with an interface
logated bn the super-ceitical How reglon, usually between 18 and 30 Re (see Fig, 2). While various plasma heatlng

Table 1: Typleal solar wind parameters observed ao 1 AL

Parameter Slow Stream  Fast Siream
Floaw welocity (km/s) A TN

Proton number depsity [cm—3) 10 3

Proton temperatuee [KEK) A0 00
Magnetic Oold strength (nT) 4 2
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Figure 1: (Left) Diagran of plasma temperature and number density for diffecent eeglons of space plasma [adapted
from D L. Book, NRL Plasma Formulary, NRL Publ (084-4040, Washington D, 1937, (Rlght ) Typleal values of

the solar wind HAow veleeity (solld lne) and a characteristic speed (the sum of the sound and Allven speeds, dash-
dotted lne) as function of hellogentric distance, Vertieal bars show the houndary hetween sub- and super-critical
flow regions,

peocesses cause acceleratlon of the solar wind In the corona, It expands mostly adiabatically o the hellosphere,
Further, while the hackground magnetke fleld plays an lmportant mole In the corona, it 15 passively convected o the
helipsphere. Coronal models thus need to slmulate more complex physical processes while helioapheric models can
use slmpler approcimations over a much larger spatlal domain, Computationally, it & also osoee efficient to advance
the hellospherle portion of the simulation Independently of the corpnal time step. Mote that the location of the
medel Inteeface in a super-critleal reglon slgniflcantly stonplifles the numerkcal treatment of boundary conditions
hecause Informatlon 8 passed only one way: from the coronal mode] to the heliospheric model.

3 Time and Date

3.1 Time in Numerical Model

Physleal time, the guantity TIME in the numerical model, = measured o seconds (8). The tme interval of a partleular
numerleal slmulation = specifled by the values of the Input parameters TSTART and TETOP. The computation starts
at TIME=THTART and time ls Increased by DTSTEF during each numerleal time step. The computation runs wntil
TIHE =TETOP.

Note that TETART can have a negatlve value. This ls pselul In computations which require numerleal relaxation
to achleve an amblent state. In that case. TSTART I8 specifled with a negative value, such that at TIME = {1 an
amhblent state ls surely pstablished in the computational demaln and TIME 2 {) 18 then used for physical simulations.



3.2 Modified Julian Date

Following the astronomleal convention, the Jullan Date (JD) Is deflned as the number of days elapsed sinee Janoary
1, A7L3 BCE (Le., the year -4712) at 12:00 UT plus thme cxpressed as a day [raction. The Modified Jullan Date
(MID) I8 defined as MID = JI¥ - 2 A060,060.5 and 1t 15 the tloee measured measuced In days [oom (K00 U'T on 17
November 1852 (Jullan Date 2400000.5]. We use the I slnee: (1) days begin at mbdnight rather than noon; (2)
for dates In the perlod rom 1AM 1o about 2130 only five digits need be used {o speclly the date, rather than seven.

MID () thus sorresponds o JD 2400000005, which 1s twelve howrs alter noon oo JD 2400000 = LEGE-11-14
(Geegorian or Common Era). Thus MID (0 designates the midoight of Movember 16th/ 1Tth, 1858, =0 day 0 1o the
system of modified Jullan day numbers 1s the day 1ARS-11-1T CE.

3.3 Reference Date

A reference date I8 used to eelate TIME in the nomerleal siooulatlon to the calendar date. This meference date
I8 expressed In teross of the Modifled Jullan Date (MJID) that corresponds o the date when TIME = (b The
value Is stored a8 a global attribute refdatemjd In all Input and output MNetCDF files. The refdatemjd ls
thus a parameter that characterkzes a partieular computational run of a specific event. The actual dage i then
MlID=refdate mjd+TIME/SG400. Note that refdate mjd Is set to zero for computation of a hypothetical scenarbo.

4 Coordinate Systems

Varbous coordinate systems are used o descelbe locations and vector gquantities In noumerical simulatlons and o
remote amd in-slty observations. The most relevant systems to our needs ave lsted here together with specificatbon
af thelr orientation angles and common transformations between different systems. Complete description of varlous
coordinate systems has been published by Russell (1971), Hapgood (1992), and Fran: and Harper (2002].

4.1 Description of Coordinate Systems

A cpordinate sysvem I8 deflned by s orlgin relative vo some other systemn and by the orlentatbon of ks three right-
handed axes in space. Node that only teo axes needs to be defined; the third axls compleves a righi-handed Carteslan
irlad. These systems can be classifled secording v thelr orlgin as hellospherle, geooeniele, and spacecralt-centric,

4.1.1 Heliospheric Mumerical Model (HMNM)

Cher numerlcal model wses a spherical coordinate system wheee the radius (heliocentric distance, B) s measured
Trom Sun center, merldional angle (co-latitude, ) B measured down from the north pole (solar motation axls), and
azimuthal angle {longitude, ) s phased such that the Earth's position 1s fixed at @ = 130, Note that the Earth's
positlon varbes In 8 due to the T.25% Inelinatlon of the equator to the ecdiptic (R = 1 AU, @ = 90°-Bao, ¢=1807).

4.1.2 Heliocentrie Aries Ecliptic (HAE)

This coordinate systern s defined by the ecliptic plane in which the Earth orbits. The maln directlon is foom the
Sun toward the Orst point of Arles (Lo, toward a polnt where the Sun 8 seen foomn the Earth ln the fst Spring
day]. The Earth s located at B = 1 AU, 8 = 90°, a=A.

4.1.3 Helipcentric Earth Ecliptic (HEE)

This eoordinate system 1s deflned by the ecliptic plane In which the Earth orbits. The malin direction s feom the
HSun toward the Earth which 1s located at B = 1 AT 8 = 9, po=0".

d.1.4 Heliocentric Earth Eguatorial (HEECGQ]

This oordinate system §s deflned by the solar rotation axis (this defines the solar equatorial plane). The maln
direction & from the Sun toward the Earth which s located at B = 1 AL & = 90°-Ba, =0°.

i |



4.1.5 Geocentric Solar Eeliptic (GSE)

This Is & geocentele coordinate system. The X-axls s the Earth-5un line and the Z-axis polnis to ecliptle noeth
podie

Transformation to epeentrle Coordinate Systems. I teansformation between other geosentele systems ls
required, it should be fiest peduced o 8 HEE-GSE {ranslormation.

4.1.6  Heliographic Inertial Coordinate System (HGI)

Burlaga (1984) origlnally defined & system, called hellographie Inertlal (HEGT), which reference to the orlentatlon of
the Solar equator in the sstronomical epoch JIBL0LG. This system Is used at NABA JCMHODweb although another
gystem, hellospheric inerilal (HCT) s hases on J2000L0.

The HGT coordinates are Sun-centered and Inertlally fxed with respect to an X-axls dieected along the Intersee-
tlon Hne of the ecliptic and solar equatorial planes. The solar equator plane 18 inelined at 725" vom the ecliptie.
This direction was towards ecliptle longltude of T4367" on 1 January DO at 12:00 U'T: hecause of procession of
the celestial equator, this longltude Ineeeascs y 14" feentuey. The £ axls s divected perpendieular and northaard
from the solar equator. and the Y-axls completes the fght-handed sec.

4.1.7 Spacecrafi Radial-Tangential-Normal (RTN)

This coordinate system 18 centered at a spacecrafl or planet and orfented with respect v the lne connected the
Sun and spacecralt or planet. The B (radial) axis s directed radially away om the Sun through the spacecrall or
planet. The T (tangential] axis I8 the cross product of the Sun’s spin vector [North directed) and the B axis, Le
the T axis s paralled to the solar equatorial plane and §s positive o the diveetion of planetary rotation avound the
Sun. The N (north) axis completes a right handed system

The RTN coordinates are gsed at the NASA /NSSDOC-COHOWSeDL archiving systom.

4.2  Angles in Heliocentric Coordinate Systems

To carry out coordinate transformatbons, the varlous rotatlon angles ave to be known flest.

4.2,1 Inclination of the rotation axis to the ecliptic
¢ = T.25° (1)

4.2.2 Longitudinal position of the prime meridian
W o= (3607 F26h.38)(JD — 2398220000 (2

4.2.3 Eclipilc longitude

This angle corresponds to the azlmuihal separatbon betwesn the Earth and the First Polnt of Arvles. The Sun's
ecliptic longitude, A, can be caleulated using the serles of formulae

T = (MJD —51544.5) /36525
M = 35T.528° + I0000.050°T + (LHLOT" R
L = 2204607 4 3E000.TTET + (LM L0 R [

A = L+ (1815" — 0.0048°T) sin( M) + 0.020° sin[2M)

where T Is the tlme In Jullan centuries (36525 dayva) leom 12:00 UT on 1 Janwary 2000 (known as the asteonomical
epoch J2WKLO), M s the Sun's mean anomaly, and L s the mean longitude,
Aliernative foromilae are
n = JD— 4515450
2RO.AGN" + DOBEGATA 1
S6T.52E" + 0.0R5G6003 "0 (4]
L + 1.915% sin(g) + 0.0207 sin{2g)

-
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where L s the mean longitude, g 1s the mean anomaly, and 5 s the npumber of days Tom J2HL0 {(the asteonomical
epoch starting on 1 January 2000 at 12:00 1TUT).

4.2.4 Eeliptic longltude of the ascending node

The ecliptie longltude of the aseending node of the Sun’s egquator is

11 = TI006T + 0.0L3058" (MID + 3242) /365.25 (XY

(1 = T3.6667° + 0.013058°(MID + 3243.75) /365.25 ()

4.2.5 Longitude of the Sun's central meridian

The longitude of the Sun's centeal meridian Is

B = atan|cos(1) tan{A — 1)) (T

4.3 Transformation Matrix

Hapgood (1992 has [actorleed complex coordinate transformations lnbo serdes of simple rotations about the principle
axis, Ounly the rotation angle and the name of the rotation axls are required 1o specily the matelx Tor a simple
motatlon. The complex transformatbon mairix s caleulated by muliiplication of the sloople rotatlon matrioes, This
general methodelogy will be wsed o provide specifle formulae for coordinate transformatbons in the next Sectlbon.

4.3.1 Single Rotation

The ndatlon 5=< &, axis = denotes the matelx for a simple rotatlon, where angle I8 the rotatbon angle, and axis
is the rotation axls (X, ¥, or &). The transformation maitdx S=<a. X > 5

5F = s =0 g =0
5F =0 5% =cosle) & =sinia)
0 5% =—sinfa) 5% = cosia)
and the trapsformation matelx 5 =< a, & > 5

5E =cosla) 5§ =slnla) 55 =10

5f = —slnla) 5§ =cosfa) 5¥ =0
S =1 §Z =1 SZ =1

4.3.2 Eulerian Rotation

Transformations between Carteslan cooedinate systems can be realized using the Eulerlan transformatbon matreix.
Let systems 5' and 5% are defined by the orthogonal right-handed basis vectors X', ¥, 2' and X3, v?, B2
respeciively. The Eulerian transformation matrix from §' to 5% s defined by three principal rotations Such that a
veetor 11 given In 5 has coordinates V¥ = E« V' in 5% All rotation matrices are orthogonal and transformations
hetween all systems defined In this paper can easily be caleulated by & serles of matrix multiplicatlons.

The HAE to HEEQ) transformation is glven by the mateix 5 which compromises: (1) a motatlon in the plawe of
the ecliptic rom the Fimst Polot of Arbes to the ascending mode of the solar equator < 6, & > (2] then a rotatbon
Tfrom from the plane of the ecliptic to the plane of the equator < 6, X = and (3) fnally a rotation o the plane of
the solar equator from the ascending node to the central mecldlan < {3, & =

The resulting transformation mateix, as & matrle multiplication of the previous single rotation matrixes, 5% =«
L& w0, X =< 10L& = Is the s0 called Eulerian translormation om the ecliptie to the equatorial coordinate
Eysians.

=1



4.4 Common Transformations in Heliocentric Coordinate Systems

The numerieal eesulis ave stored In the spherical HNBM system. Many 3D visualization tools use data o the
Carteslan system. In this case, the oaversbon HNM — HEEQ I8 necessary. In the HEEQ) system, the Earth
positlon 8 fixed and this s a useful feature. However, some visuallzatlons are botter pealized In the system o
which the Earth and other planets orbits around the Sun. In this case, the conversion HNM — HEE{) —+ HAE Is
necessary. Floally, comparison between numerical mesulis and observatlons at Earth peqguiees the conversion HN M
—+ HEE(} —+ HAE — HEE — GHE.

The olservations at Earth can he stored at the Carteslan GSE systenn.  Sometime these data need to be
visualized together with numerical resulta. In this case, the ollowlng eonversion I8 necessary GSE — HSE —+ HAE
—+ HEEL}). The observations by spacecralt are stored at the RTHN system.

4.4.1 HEEQ} and HMM

The HNM — HEEL) translormation coreesponds to s rotatlon In the plane of the solar equator by -1830F and
conversion [eom the spherleal geometry to the Carteslan one.
In the Cartesian system, the coordinates ave:

IHE}:‘Q _ EH:"-;L'I gln {ﬂHEH" cod {":‘H N + lmul]
}.-HH}:Q — EH:"-;H glm {ﬂHEH-: gln {'J:'H Lt | + lﬂnu:l |:El:|
EHH}:Q — RH?’CM cog {EHEH]

and the veelor components are:

‘_:.:-:[E:Eq —_ I_.r‘[z'[:"-'h{ aln [EH !'-:!rl} oo I:'#H"\H] + FﬂH WA o {EHZ'-.'M:I 08 [IPHEH': + -[_.r:[:'-.'h{ aln [';H?-.'h{]
-E_:II[:.CEEQ — '[_:‘[T-[:'.;r.{ gl |:EH !'-i'.'rl} gl I:-HE:‘H."'H:I + -E_rﬂ]-]:"-iH 08 {EHEH] gln {wHNH} ¥ -Ill.r:l?-iH 08 [':PHNM::I I:!l:l
Lrl[:_[EEq — -[_.r‘;[?-.'hl[ 06 HHEH} _ -I_..rEH?-ihl[ aln [EH:"-;H]

4.4.2 HAE and HEEC()

The HAE —+ HEECQ) transformation compromises of theese potatlons that have bepn composed into the transformation
matrix 5 as specified in Sectbon 4.3, Vector components ape

VHAE  — oy HEEQ s cos(i) — sin{@) cosia) sinli)) + Vo= (sln €9 cos(12) + cos(€) cosfa) sin(1))
+V 0% ginf4) sinf{1)

VAR = WHEEQ [ cos(8) sinf() — sin(@) cosle) cos(12)) + VHEED {— cin(8) sin(11) 4 cos(@) cos{e) cos(12))
+V5 9 ginfe) cos(12) i 10)

VM = wHEEQ gin (@) sinie) — VPEEY cos(8) slnld) + VIR cosli)

The HEECQ) — HAE translormation compramises of theee rotations that have heen composed Into the transfos-
mation matrix 5 as specified n Sectbon 4.3, Vector eomponents ave:

Ve d = VAR (eng() cos(12) — sln(@) cosfe) sin(02)) + VEAE (- cos(6) sin(f}) — sin{6) cos(i) cos(11))
+VAE gin( ) slne)

Ve td = VEAE (Gin(8) cos(1) + cos(8) cos(e) sin(12)) + VEAF [~ sin(8) sin(f2) + cos{8) cos(1) cos(12))
—VIAE cog (@) slnfe) (1)

Vet = VEAEgn()sin{) + VIS sinie) cos(f) + VEAE cos(i)



4.4.3 HAE and HEE

The HAE — HEE transformatbon corresponds to & motatlon n the plane of the ecliptie Tom the Sun-Earth divectbon
i the First Polot of Arles. In the sphecleal geometry, the azimuthal eeoedinates are shifted by -A and the vector
components are unchanged. In the Carteslan geometry, the coordinates amd vector components are:

VA = VIR cos(A 4+ 180°) — VR sin(A + 180%)
HAE _ rHEE i FHEE o
VAR = 1EREdin(A 4+ 180°) + VFF cos(A + 1B07) (12)
PHAE _  prHEE
E4 - i

The HEE — HAE translormation corresponds to a rotatbon in the plane of the ecliptle om the Flrst Polot of
Aries to the Sun-Earth divection. In the spherleal geomeiry, the azimuthal coordinates are shifted by A and the
veeior components are unchanged. In the Cartesian geometry, the coordinates and vector components are:

Vet = VT ros(A + 180%) + VWA sin(A + 180°)
VHEE = _vPEAEGiniA 4+ 180°) + ViPAF coal A + 1807) (13)
VHEE _  yHAE

d.d.d HEEQ} and HGI

The HEEC — HGI transformation coreesponds to a rotatlon in the plane of the solar equator from the Sun-Earth
direction to the ascending node of the ecliptle.

VESH = pRERQ A - 1) 4 VR in A — 1)
VHGL _ _pHEEQg 4 0y 4 VEEED gog(A — 11 (14)
.E_,.é'-.]n] — -i_ri!.'l}:l':l:l

The HzI - HEEQ) translormation correspaonds o a rotation in the plane of the solar equator from the ascendlng
mode of the ecliptie to the Sun-Earth dire¢thon.

Ve o0 = V% eos(A — 1) 4+ V% sin{A — )
Ve = S A — )+ VIS cos(A — 1) (15
I__.-;[E EQ — I_.rxH'-l'[

d.4.5 HEE and GSE

Conversion between the hellocentirle and gescentrle systems 1 best deflined between HEE and GEE sysiems, as
these are very slmply related. The trapsformation HEE — (G5E Is:

'[_.r;ﬂ':}: — _1_:_515['1
'[_.I".[:_[H}: — _1_1&15[': I:lﬁ:l
-[__r.;ﬂ':}: — -I.l_rﬂ'l.'rﬁ-}:

and the transformation GSE — HEE Is:
'[_.I'I'.'.'ﬁ-l-f — —.l-"r;-' I-i}f
'[_.l"".:-'ﬁ-l'. — _'I_l.r:rlj EE |:J.T:|
'[_.rx'.'.'ﬁ-l-: — '[_.rx['[[-:}:

Transformations for other geocentrie systems ls heyond the seope of this document (soe Ruasell, 1984 Hapgaod,
1948 for detalls.



5 Observational Data

5.1 Solar and Coronal Data

The main coordinate systems ave:
& hellographle — refers o coordinates on the solar surface reforenced to the solar rotational axis
& gidereal — refers to & coordinate system fxed with respect to the distant stars.

& synodle — refers to & coordinate system fxed on the Earth.

5.1.1 Solar Rotatlons
For the solar rotatbon perled the adopted values are

T,y = 25.38 days (18]
Tyyn = 27.3753 days (19)

where the sidereal period T, Is pelatlve to the celestial sphere and the synodie selative to the arbiting Earth.
Rotations of the Sun are counted In Carclngion rotatlons O R that starts when the hellographic prime merldlan
crisses the sub-terrestrial polnt of the solar disc. The angular offsct @ between this polnt and the sscending node
can be ealeulated from
# = arctan(cosc) tan A — 1)) (20

such that the gquadrant of & & oppesite that of A — 1}, The first Carrlngion rotatlon started on 9 Novemher 1853
(JD 2358167.329). Later start points can be caleulated using the synodic period T, = 27.2753 days.
The helicgraphic longitude system corresponds to the average rotatbon of eqguatorial reghons.

5.2 Carrington Rotation Number

The Carrlngion rotation number eoreesponding to a particular Jullan date may be deelved from

I21]

_Ar
CR = 1750 + int (M)

272703

where Int denoves the Integer part. Rotatbon number 1750 began on 1984 June 20041,

5.2.1 Solar Pole and Prime Meridian

Helkographlke coordinate systems use the positbon of the solar motation axis which §s deflned by its declination 4 and
the right ascensbon a with respect to the celestial pole. Values for J2MHLD are

d = G63AT, a = 286.13"

The traditional deflnltion refers wo the ecliptle plane of date with the values for the Inelination I of the solar
equator and longltude of the aseending node (2

I="T250% 011 = Th.76" + 1.397"Th

5.2.2 Heliographic Coordinates

Bo — Helipgraphic latitude of the central point of the solar disk: also called the B-angle. The range of Bo & /-
T.25"%, eorroctlng for the tle of the ecliptie with respect to the solar equatorial plane.

Lo — Hellogeaphle longitude of the conteal polnt of the solar disk. The longitude value s determined with
referenes bo & system of fxed longitudes rotating on the Sun at a rate of 132" fday (the mean rate of rotation
abgeryed rom conteal meridlian transits of sunspots).
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The standard meridian on the Sun 8 deflned to be the meekdian that passed through the ascending node of the
Sun's equator gn 1 Jaoouary 1854 at 1200 UTC and Is calealated for the present day by sssuming & uniform sidereal
period of rotation of 2538 days.

Longitude of the sscending node: 11 = 7340 + 80257 (JD — 2306756.75) /36525

helipspheric latitude:

Bo= % — arctan(sinfBe)/ cos{Bo))

where sin(Bo) = sin{ A — 2]« /180° sini Ix /180°) and cos(Be) = (1 — (sin(Ba))? )4/

5.2.3 Heliographic latitude

The helicgraphic latitude (Le., the central polnt of the solar disk as seen rom the Earth). This angle cormesponds
to the merldional separathon between the solar equatorial plane and the Earth's positbon.

sl B} ]

cos| Bao) (22}

Bo = o) —H.L'cian(

where siniBo) = sin(A — 3 sinfi), cos(Bo) = (1 — (sin(Bo)i*)1Y2, and longitude of the ascending node {1 =
T34 + 502" (MID -+ 3243.75) /365,25 (= T3°40° + HOEH"(JD — 2396T56.75) /365.25).

5.2.4 Carrington Longitude

The heliographic longitude system corresponds to the average rodatbon of equatorlal reglons.

A gystem of fwed solar longitudes motatlng at & unllorm synedic period of 272753 days [(a sidereal perlod of
2538 days]. Carringion selected the merldian that passed through the ascending node of the Sun's eguator at
1200 UTC on 1 Januwary L1854 as the orlginal prime merldian.

5.3 DMear-Earth and Interplanetary Data
5.3.1 Data Sets for Model Evaluation — NASA /NSSDC/COHOWeh

These data sets are & compllation of observations of hellespheele events, which are a start to be uwsed in the
evaluatlon of pumerical hellospheele models. The main purpese 5 to enable prompt comparkzon between numerical
mesulis and observed data. Flst steps, mostly for pumerical modelers, Data gaps. Real moodel validation and for
analysls of ohservatlons reguires using detall original data bases and speclalized data processing amnd visualkzatbon
peoeedures.

The data sets ave stored as NetCDF flles &t the same location as numeerical reqults to facilitate divect comparison
uslng the same data processing and visualkzatlon teols, There are the following data sets:

« Diservations of solar wind parameters at Earth from 199 io present [extracted from the NASA JCOHOWeh
data base hetp: ffneede. gafe neass . gov/cohowebfow. himl) These observations are houwrly averaged and
contalng the lollowing quantities: partlcle number density, mean temperature, components Oow veloclty,
total magnetic Aold and Its components, a8 woll as location of Earth and time.

5.3.2 Data Structure

5/C Distance (Heliocentrie) 5/C Latitode (HGIL) 3/C Longitude (HGI) BR in RTHW BT im RATH BN in RTIN
E Hagnitude Flasms Velocity Proton Density Proton Temperature

6 Numerical Simulations

6.1 Background

Teaditlenally, Individuals and growps have developed numerieal eodes and then elther they applled them to physical
probloms thermselves, or they peovided them to other growps for Installation and applleation. The fiest approach 18
vry efficient; however, only lmited Involvement of cxternal Individuals or group 18 possible via run-on-request doe
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Analytic Coranal Models

| 3-D Disibulian at given ime levelks

| Empiical Corcnal Modkls
_-“-'--_

Helospheric Madd

_--.-_
| Mumerizal Coronal Models
| Temporal evelution al given posibions

IFSiu Obze=nabons

Figure 2: Basle schema.

to thne constraints of the eosde originator(s). The second approach signifleantly expands the eapahilicy of applylog
the codels] to a variety of physical problems: however, it B more demanding on the user side, especlally with more
complex codes and paralle] computer systems, as well as the code orlginatore(s).

Becent advances o the Internet and Grid technologhes makes it possible malntaln the codes centrally and o
utilize them remotely. This simplifies malntenance of escavrch codes that are under continual development [to
incorporate more physics, better numesies, and efficlent usage of system pesources). Moeesver, thls new appeoasch
Is attractive to a muech broader community than the traditional approach. For example, an Individual might
he loterested In: (1) utillzlng existing results feom simulations of specific events to compare with observations,
(2) pe-running existing simulations but with diferent parameters, (3] expeclmenting with varbous Initialkzatbon
peocedures to delve slmulations, oF (4) visualkeing events for educational purposes. Such activitles do not peguice
detalled understanding of the mathematical model, numerical methods, code structure, programming languages,
computatkonal systoms, ete.

6.2 Heliospheric Simulations

There are varlous ways to use helloapherle slmulations te meet partleular needs of Individual researchors, students,
and educators:

& Installation for Indoependent work. Implement the code on the local computational syvatem and vse it for new
applications (sgee Sectlon 10).

& Uzlng avallable data sets.  Visuallee, analyee, and otillze a large collectlon of data sets obtalned duriog
simulation of representative periods and events (see Sectlon 7).

& Tzing availlable modeling syeiem. Prepare input data using existing Initiallzation procedures and data sets
and confgure the existing numerical model [soe Secthbon 77 ).

& Writing new Inltlallzatlion peocedures. Develop new Inltlalization proceduees to prodduce input data for the
code, lncorporate them into the ENKI portal, and mun the existing numerical model (see Section 77).

& Writing new computational prosedures. Develop new computational procedures, lncorporate them bnto the
ERLIL modeling systenn 35 well a5 the ENKI portal, and use the existing Initlalization system to mun the
modified eode (see Section 9.
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The first two lens In the st peovide a simple and fast way to access hellospherle data sets that might be useful
to educators and for analysls of observational data. Subsequent list ems demand Inereasing familiarity with the
EKLIL modeling system: however, the user acguiees more Bexdbility in studylng new physical peoblems.

7 Using Available Data Sets
7.1 Community Data Portal (CDP)

Besults from selocted numerical slmulations ave archived as data sets at the NCAR Supercomputer Centor In Boul-

dex, C0), These data sets are avallable via the Community Data Portal (CDIP) that provides an interactlve acoess to

hrowslng, pre-viewing, and downleading of data sets, The CDP can be aceessed at hovp: ffdataportal . wecar . edu: 8433 cdp/ in
where the user I8 asked lor registration.

7.2 Existing Data Sets
Data sets accessible via CDP involve:

& Interactlon between & plasma clowd and the tllied heliospheric steeamer belt;

L

amblent solar wind driven by the WSA emplrical model;

L

ambbent solar wind deiven by the SAIC seml-empleleal model;

L]

Interplanetary flux rope deiven by the SATC coronal model;
& gelecied Interplanetary CME evenis driven by the cone model

Proapectlve users should chock the CDOP for the latest content, ag the archive s continually updated.

8 Using Existing Computational System

9 Writing New Computational Procedures

CV5 ([ Concurrent Verslons Sysvem) s the open-source network-transparent verslon conteol system (http: /S fwwe. cvehone. org).

10 Installation for Independent Work

Different systems will requive modifications to configuration Oles. Further, lack of MPI, NetCDF, Perl, and IDL 15-
braries and different computer architeciure may require complete rewriting of 1/ o procedures and number-crunching
subprograms.

10.1 Systemn Requirements for ENLIL
You shoubd have the following:

& Fortean 9% (or ) compiler;

& (PP pre-processor;

& MPI [Message-Passing Interface) lhrary;

& NetCDF (Metwork Comenon Data Format] lhearys
o PARAMESH lilrary;

& A copy of the ENLIL source code distelbution.
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10.2 System Requirements for ENKI
You shoulbd have the following:

& [DL {Inieractive Data Language from Research Syatems Ine )
& Perl:
& Apache web server (enahling egi-bin commands);

& A copy of the ENKI source code distribatbon.

11 Computation of Physical Case - Examples

11.1  Analytic Solar Wind
11.1.1 Helisspheric Current Sheet

#22 =¥ = tanl Aahoe ) + Bahom *= sin(#) i)
i theta = =2-005 wehept:

hilly = -hle
h2ly = -he

I 22005 wehest < theta < 224005 wsheot:

hilly = (¥
hily = (b
Pmag = const

11.2 Coupled Corona-Heliosphere
11.3 Interacting Flux Ropes

11.4 Source Surface Models

11.5 MNear-Earth Environment
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